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Abstract 
The effect of electrospun cellulose nanocrystals (CNCs)-polyetherimide (PEI) hybrid 
nanofibrous mats on Mode I and Mode II interlaminar fracture toughness of unidirectional 
carbon/epoxy composite laminates is demonstrated. It is shown that the CNCs reinforced 
PEI nanofibrillar interleaves result in a ~28% increase in Mode I initial fracture toughness 
values compared to neat PEI nanofibrous interleaves. Specifically, the interrelated micro- 
and nano-scale toughening mechanisms including carbon fibre bridging, fibre necking, 
fibre rupture with CNCs aggregates, and nanofibre rupture contributed to the fracture 
toughness improvements under Mode-I loading. Nano-scale mechanisms of shear hackles, 
and crack pinning by CNCs aggregates increased the Mode II fracture toughness up to ~3 
kJ/m2 as a result of a 6 wt.% CNCs reinforced PEI nanofibrillar mat interleaves. 
Interleaving laminated composites with electrospun CNCs-PEI hybrid nanofibrillar mats 
has been demonstrated as a novel and prospective strategy to strengthen and toughen 
interlaminar zones of carbon/epoxy composite laminates. 






      Currently, interlaminar delamination [1] is the most prevalent failure modes limiting 
the wider applications of carbon fibre reinforced polymers (CFRPs) in a variety of fields 
[2]. The critical strain energy release rate (𝐺𝐶) and interlaminar fracture toughness are 
fundamental parameters characterising the resistance of composites to delamination 
growth and to evaluate interlaminar fracture performance [3]. One of the most effective 
techniques for enhancing resistance to interlaminar delamination and fracture toughness 
is interleaving. This typically consists of inserting a tough thermoplastic layer between 
the plies, without adding additional composite thickness; it can be described as a discrete 
secondary matrix layer in the form of particles, films or fibres [4]. Nanofibrous 
interleaves avoid problems such as processing high viscosity polymers [5], increasing the 
laminate thickness, loss of in-plane performances [6], poor resin flow and adhesion to the 
epoxy resin relative to the particulate or film-based interleaf [7]. 
 Electrospinning (ES) is an efficient and simple technique for producing nanofibrous 
polymer mats or nanofibril mats, with large specific surface area, high porosity (>80%), 
and good continuity [8]. Most importantly, ES can assist with the integration of 
nanomaterials to fabricate nanocomposites in a one-step and controllable process. Dzenis 
[9] proposed a toughening mechanism of entangled electrospun nanofibres as a secondary 
nano-reinforcement to improve interlaminar fracture toughness, whereby nanofibres 
bridge the crack, much like the loops and hooks found in Velcro. It was found that the 
nanocomposites absorbed additional energy via nanoscale and microscale toughening 
mechanisms once the surrounding epoxy resin fractures. Hamer et al. [10] reported the 
effect of multi-wall carbon nanotubes (MWCNTs) as nano-reinforcements for improving 





They reported that Mode I and II critical strain energy release rates (𝐺𝐼𝐶  and 𝐺𝐼𝐼𝐶 )- 
fracture energy were enhanced by 25% and 20%, respectively, compared with neat nylon 
6,6 interleaved laminated composites. The addition of MWCNTs promoted the formation 
of a plastic zone near the crack tip. Eskizeybek et al. [11] studied CNTs-polyacrylonitrile 
(PAN) electrospun nanofibres interleaves in carbon/epoxy laminated composites under 
Mode I loading. They reported that the 𝐺𝐶 at a stable crack propagation- 𝐺𝐼𝐶,𝑝𝑟𝑜𝑝𝑎𝑔𝑎𝑡𝑖𝑜𝑛 
(𝐺𝐼𝐶,𝑝𝑟𝑜𝑝) of PAN-3wt.% CNT samples demonstrated a 45% increase with respect to that 
of neat PAN, but concluded that PAN-5wt.% CNT had a lower performance on 𝐺𝐼𝐶 due 
to the agglomeration of CNTs [12]. Cellulose is the most abundant renewable organic 
resource on the planet. Over the past few decades, CNCs have attracted extensive 
attention as a reinforcement phase in polymer nanocomposites on account of their high 
aspect ratio of 5-30 (typically 50-350 nm in length, 5-20 nm in width) [13], high 
crystallinity (54-88%), tensile strengths ranging from 7.5 - 7.7 GPa and Young’s modulus 
in axial direction ranging from 110 to 220 GPa [14]. As an alternative to non-
biodegradable CNTs, CNCs possess additional advantages of potential biodegradability, 
sustainability and large-scale availability at relatively low cost [15]. Gong et al. [16] have 
reported that an addition of 2 wt.% CNC into polyvinyl acetate (PVA) matrix could result 
in a 200% increase in the fracture toughness compared with that of neat PVA. 
 In this work, polyetherimide (PEI) was combined with CNCs. PEI was chosen for its 
relatively high Young’s modulus of ~3 GPa and a relatively high Tg of 217 ℃ [17], with 
the ether linkage enhancing the processing ability, and the imide ring offering good 
mechanical properties and thermal stability [18]. Electrospun CNCs/PEI nanofibrous 
interleaves are easy to process resulting in a three-dimensional nano-scale high porosity 





ratio, large interfacial area, which translate into reinforced epoxy composites with 
significant energy absorption potential, thus enhancing the interlaminar fracture energy 
of composite laminates. To the best of our knowledge, it is the very first report on CNCs 
reinforced polymer as hybrid nanofibrous interleaves for carbon fibre/epoxy composites 
with enhanced interlaminar fracture toughness. 
2. Experimental 
2.1. Materials 
      Unidirectional (UD) carbon fibre/epoxy prepregs composed of HexTow IM7 carbon 
fibre of weight/length of 0.446 g/m and HexPly 8552 (high performance tough epoxy 
matrix), were both obtained from Hexcel. PEI (ULTEM 1000) and 1-methyl-2-
pyrrolidone (NMP) were purchased from Sigma-Aldrich and used as received. Whatman 
no.1 filter paper was used to produce CNCs, and sulfuric acid (95 wt.%) was obtained 
from Fisher Chemicals (UK). Hydrochloric acid (37 wt.%), and sodium hydroxide pellets 
(laboratory reagent grade) were both purchased from Fisher Chemicals (UK). 
2.2. Preparation of cellulose nanocrystals 
      Shredded No 1 filter paper (5.2 g) from Whatman was placed in a 500 mL beaker kept 
in an ice bath, then 104 mL of 60 wt.% sulfuric acid aqueous solution was added dropwise 
to the cellulose resulting in acidic phase/pulp ratio of 20 ml/g. After the required amount 
of sulphuric acid was added, the reaction mixture was kept at 45 °C for 1 h under stirring. 
After hydrolysis, the reaction product was isolated using centrifugation at 10,000 rpm for 
6 min (Heraeus Multifuge Xl, Thermo Fisher). The suspension was transferred into 
dialysis tubing and dialysed against DI water for 3-5 days with a daily exchange of water 
until the pH value was around 6.4. The final suspension was subsequently tip sonicated 





with the sample cooled in an ice bath. Dried CNCs were obtained via a freeze dryer 
(Freezone 2.5, LABCONCO); the yield of CNCs was found to be ~50%. The 
preparation of CNCs from filter paper is schematically presented in Supplementary 
Information (SI) (Fig. S1and S2). 
2.3. Electrospinning of nanofibrous interleaves 
       2 g of PEI were initially dissolved in 20 mL of NMP under stirring for 12 h. CNCs 
at concentrations of 3 and 6 wt.% with respect to PEI, were added to this primary PEI 
solution (ca 1 wt.%) and dispersed under tip sonication at 15% power. After sonication, 
an additional 3.14 g of PEI were added into the primary PEI solution with dispersed CNCs 
and allowed to dissolve for 12 h under stirring to obtain a PEI solution of a final 
concentration of 20 wt.% containing dispersed CNCs. Consequently, three types of 
spinning solution were prepared: neat PEI, 3 wt.% CNC-PEI, and 6 wt.% CNC-PEI. 
Spinning solutions were loaded into a 10 mL glass syringe with a luer lock metal nozzle 
and a 21-gauge stainless steel needle (inner diameter 0.8 mm, Socorex). The injection 
needle was connected to a high-voltage power supply (Linari Engineering) that providing 
a DC voltage of 17.0 kV. A flow rate or injection speed of 0.625 mL h-1 was used to 
deliver the solution by a syringe pump to the needle tip. The distance between the needle 
tip and collector was set to 20 cm. Three types of nanofibrous mats were produced at the 
areal weights of 4.70  1.50 g m-2, all collected on the aluminium foils. 
2.4. Composite laminates production 
       Neat PEI, 3 wt.% CNC-PEI and 6 wt.% CNC-PEI nanofibres interleaved in the mid-
plane within a UD [0]24 composite laminate was produced with IM7/8552 carbon 
fibre/epoxy prepregs (300  300 mm) (SI, Fig. S3). The thin polyimide (PI) film with a 





to form an initial site for delamination. Neat PEI, 3 wt.% CNC-PEI and 6 wt.% CNC-PEI 
nanofibrous mats of the desired dimensions were removed from the aluminium foil 
substrate using the ‘sticky’ prepreg. The laminates were then placed into an autoclave 
(Leeds and Bradford Boiler Company Limited), applying a vacuum at 1 bar and then 7 
bar gauge, finally reducing to 0.2 bar. The curing cycle was continued at a heating rate of 
3 °C min-1 from room temperature to 110 °C and was held at this value for 1 h, followed 
by a post curing process at 180 °C for another 2 h. Unidirectional carbon fibre/epoxy 
laminates with neat PEI, 3 wt.% CNC-PEI and 6 wt.% CNC-PEI nanofibrous interleaves 
in the mid-plane, were denoted as PEI, PEI3, PEI6 specimens, respectively.  
2.5. Interlaminar fracture mechanics tests 
2.5.1. Mode I test 
       DCB specimens were produced with the following dimensions: 140 mm long, 20 mm 
wide, 3.2 mm thick. Piano hinges of width of 20 mm and a front length of 25 mm were 
attached to the specimens, and testing was carried out in accordance to ASTM D5528. 
DCB tests were performed using a Shimadzu AGS-X tensile tester fitted with 10 kN load 
cell. Tests were conducted at a constant crosshead speed of 1 mm min-1 and a load data 
rate of 10 Hz. A pre-crack of length 5 mm was formed after the PI film tip while the 
specimen was unloaded. The process of crack propagation and the load and displacement 
was monitored via a high-resolution DSLR camera in video mode at increments of every 
1 mm for the first 5 mm and every 5 mm subsequently (SI, Fig. S4a). At least three 
specimens were tested for each type of nanofibrous mat interleaved composites. Modified 
beam theory (MBT), as stated in the ASTM D5528 standard, was used to calculate 𝐺𝐼𝐶,𝑖𝑛𝑖 
and 𝐺𝐼𝐶,𝑝𝑟𝑜𝑝 using the equation: 
𝐺𝐼 =  
3𝑃𝛿
2𝑏(𝑎+ |∆|)





where 𝐺I is the Mode I strain energy release rate, 𝑃 is the applied load, 𝛿 is the load point 
displacement, 𝑏 is the specimen width, 𝑎 is the delamination length (distance from the 
applied point to the crack tip) and ∆ is the x-intercept in the plot of the cube root of the 
compliance (𝐶 = 𝛿/𝑃),  𝐶1/3, as a function of 𝑎. 
2.5.2. Mode II test 
       ENF specimens with dimensions of 160 × 20 × 3.2 mm, a span length (2L) of 100 
mm, one loading roller and two support rollers with the radius of 5 mm were prepared as 
the ASTM D7905 standard test method [19]. ENF tests were performed using a Shimadzu 
AGS-X testing machine fitted with a 10 kN load cell. Testing was conducted at a constant 
crosshead rate of 1 mm min-1 and load and displacement data were recorded at rate of 100 
Hz. The specimens were positioned at a constant distance of 30 mm between the centre 
of the support roller and the PI film tip so the ratio of the crack length to half span (a/L) 
was 0.6. The load-displacement values were recorded during each test, and the crack tip 
was observed via a video gauge (SI, Fig. S4b). Three specimens at least were tested for 
each type of nanofibrous mats interleaved composites. Euler Bernoulli beam theory was 
adopted in this work, which has been applied in the ENF fracture toughness by several 
researchers [2, 11, 20, 21]: 
𝐺𝐼𝐼𝐶 =  
9𝑎2𝑃𝐶𝛿
2𝐵(2𝐿3+3𝑎3)
              (2) 
where 𝑃𝐶 is the maximum load during the test, B is the specimen width and 𝐿 is the half 
span-length.  
2.6. Characterisation methods 
       The morphology of the prepared CNCs was observed using a transmission electron 
microscope (TEM, JEOL 1400). The sample was prepared by depositing a CNC aqueous 





transform infrared (FTIR) spectra of PEI, CNCs, 3 wt.% CNC-PEI and 6 wt.% CNC-PEI 
were acquired using FT-IR spectrometer (Spectrum Two, PerkinElmer) fitted with a 
universal ATR accessory. The thermal stability of the CNC particles and the mats of PEI, 
3 wt.% CNC-PEI and 6 wt.% CNC-PEI (5-10 mg) was studied by thermogravimetric 
analysis (TGA) / differential scanning calorimetry (DSC) STA (449 F3, Jupiter) at a 10 
K min-1 heating rate from 25 to 625 °C under a nitrogen environment (50 ml min-1). AFM 
imaging was conducted using a Multi-Mode VIII microscope with Nanoscope V 
controller operating under non-resonant PeakForce feedback control (Bruker, CA, USA).  
Tensile tests were carried out using a tensile stage controller (DEBEN) with a 5 N load 
cell at a crosshead speed of 0.5 mm/min. Optical microscopy (Imager M2, ZEISS) was 
used to determine the crack path on a polished cross-section of the post-tested PEI, PEI3 
and PEI6 specimens. A scanning electron microscope (SEM, JEOL IT300) at 15.0 kV 
was used to investigate the surface morphologies of neat PEI, 3 wt.% CNC-PEI and 6 
wt.% CNC-PEI nanofibrous mats and fracture surfaces of tested specimens.  
3. Results and discussion 
3.1. Morphology of nanofibrous mats 
       Fig. 1(a-b) show typical TEM images of prepared CNCs. They are rod-shaped, with 
diameters in the range of 7 to 12 nm and lengths between 170 nm and 220 nm. The 
hydrolysis process generates sulphate half-ester groups on the CNCs surface, which have 
a negative charge. These groups facilitate a stable dispersion of the CNCs in an aqueous 
solution. The surface charge density of CNCs produced was found to be 82.3  0.7 mmol 
kg-1 via a conductometric titration. Typical SEM images of the as-spun neat PEI, 3 wt.% 
CNC-PEI and 6 wt.% CNC-PEI nanofibrous mats are presented in Fig. 1(c-h). It is 





entangled three-dimensional network structure. The addition of the 3 wt.% CNCs leads 
to the average fibre diameter decreasing to ~800 nm from ~1.3 m of the electrospun neat 
PEI average nanofibres diameter. At 6 wt.% CNCs, the nanofibres diameter significantly 
decreases to ~400 nm. This is attributed to the enhanced charge density or electrostatic 
force with increased CNCs content, causing the fibres to be stretched to a greater degree 
when the nanofibres jets are ejected away from the needle [22]. In addition, a small 
number of beads are observed in hybrid nanofibres, which could be prevented with 
increasing charge density (Fig. 1g).  
3.2. Characteristics of nanofibrous mats 
       FTIR spectra of the electrospun nanofibrous mats and prepared CNCs particles were 
obtained (see SI, Fig. S5a). CNC characteristic band at ~2900 cm-1, attributed to C−H 
bonds stretching [22], was broadened with an increasing addition of CNCs in hybrid 
nanofibres, though it overlaps with an absorbance peak from the PEI. A typical absorption 
band of pure PEI nanofibers at ~1720 cm-1 due to symmetric stretching vibrations of the 
imide carbonyl group, decreased in intensity with an increase of CNCs content in hybrid 
nanofibres. Therefore, hybrid electrospun nanofibres are a physical mixture and no 
chemical reactions are expected between PEI and CNCs. The presence of CNCs in 
composites was also revealed by thermal response in TGA experiments (see SI, Fig. S5b). 
Neat PEI nanofibers and CNCs exhibited a single-step weight loss with 𝑇onset at 510 °C 
[23] and at 278 °C, respectively. However, CNCs/PEI nanofibrous mats have a two-step 
thermal decomposition which became more obvious with an increase in the CNC content. 
Interestingly, the decomposition temperature of PEI matrix for 3 wt.% and 6 wt.% CNC-
PEI nanofibres were elevated to 515 and 512 °C, respectively, indicating a slight 





of CNCs in the PEI matrix, high resolution AFM images were obtained for longitudinal 
and transverse sections of electrospun composite fibres prepared by microtome sectioning 
of nanofibrous mat embedded into a resin (Fig. 2) Distinguishing of two composite 
entities was possible using “error signal” imaging, which emphasises the interfaces, and 
phase imaging, which probes materials stiffness. The modulus of PEI ranges from 3.20 
to 3.45 GPa while values for CNCs range from 110 to 220 GPa; therefore the dark blue 
area indicates the presence of CNCs on this basis (see Fig. 2b,d). Both types of imaging 
indicate a uniform distribution of CNCs in the PEI nanofibre with only a small fraction 
of aggregates. It appears that CNCs are randomly oriented in the polymer matrix. A 
smaller number of elongated nanoparticles were observed in the transverse section 
reflecting a low probability of the orientation of CNCs perpendicular to the nanofiber 
length. Consequently, the rod-shaped CNCs were uniformly distributed within the PEI 
nanofibres which is believed to realize the bridging of cracks via a structured network. 
3.3. Tensile properties of the nanofibrous mats 
       Fig. 3a shows three typical stress-strain curves for PEI-based nanofibrous mats. The 
tensile strength and modulus of the PEI-based nanofibrous mats are calculated as 
presented in Fig. 3b and SI, Table S1. The neat PEI nanofibrillar mat has a tensile strength 
of 0.56 ± 0.09 MPa, and the value is increased by 20% to 0.67 ± 0.13 MPa with the 
addition of 3 wt.% CNCs. Increasing the CNCs loading to 6 wt.% enhances the tensile 
strength to 0.63 ± 0.07 MPa, yielding 13% improvement compared to that of neat PEI. 
Simultaneously, the tensile modulus of neat PEI nanofibres is calculated as 17.55 ± 3.75 
MPa. The tensile modulus of 3 wt.% CNC-PEI nanofibres demonstrates a significant 
enhancement of the stiffness, up to 25.65 ± 4.25 MPa which is attributed to CNCs 





to 20.48 ± 3.12 MPa due to the aggregations of CNCs in PEI at a higher loading of CNCs. 
Therefore, CNCs that are strong and stiff natural biopolymers would strengthen and 
toughen the neat PEI nanofibres as effective reinforcing nano-fillers for interleaved 
composites laminates.  
3.4. Evaluation of the fracture toughness  
3.4.1. Mode I fracture toughness 
       Fig. 4a shows a typical load-displacement curves for interleaved DCB specimens 
during the pre-crack testing and test loading. For the pre-crack loading, its function is to 
make the pre-crack sharp to simulate crack development accurately. Typical load-
displacement curves for PEI, PEI3, PEI6 specimens under the test loading are shown in 
Fig. 4b. DCB resistance curves (R-curves) are presented in Fig. 4c, after calculating the 
𝐺𝐼 data from the corresponding load and displacement and  from the intercept using 
the MBT method (SI, Fig. S6) and Eq. (1). The Mode I fracture energy at the crack 
initiation (𝐺𝐼𝐶,𝑖𝑛𝑖) for each type of specimens is defined at the first 1 mm point after the 
pre-crack (31 mm) is created, and the value at a stable crack propagation (𝐺𝐼𝐶,𝑝𝑟𝑜𝑝) is 
identified as the average of points beyond the crack length associated with 𝐺𝐼𝐶,𝑖𝑛𝑖 (32-80 
mm). The configuration for the Mode I test is displayed in Fig. 5a. The mean and standard 
deviation (error bars) for 𝐹𝑚𝑎𝑥, 𝐺𝐼𝐶,𝑖𝑛𝑖 and 𝐺𝐼𝐶,𝑝𝑟𝑜𝑝 are calculated and presented in Fig. 
5b and SI, Table S2. Electrospun 3 wt.% CNC-PEI nanofibres interleaved specimens 
showed the highest maximum force and 𝐺𝐼𝐶,𝑝𝑟𝑜𝑝 among the three types of nanofibrous 
mats, resulting in a 20% increase and 3% increment in 𝐺𝐼𝐶,𝑖𝑛𝑖, and 𝐺𝐼𝐶,𝑝𝑟𝑜𝑝 respectively 
compared with neat PEI specimens. PEI6 specimens show a 28% increase of 𝐺𝐼𝐶,𝑖𝑛𝑖 due 





neat PEI specimens. This decrease is attributed principally to the CNCs’ aggregation in 
PEI nanofibres at a higher loading of CNCs.  
       With respect to published work, Beckermann et al. [4] used electrospun polyamide 
(PA) 6,6 nanofibres mat distributed with nano-scale AgNO3 precipitates as interleaves 
for carbon/epoxy composite laminates. They reported that 𝐺𝐼𝐶,𝑖𝑛𝑖 improved by 17% while 
 𝐺𝐼𝐶,𝑝𝑟𝑜𝑝 decreased by 8% compared to non-interleaved specimens under Mode I loading. 
This trend was similarly observed in this work, with the enhancement in 𝐺𝐼𝐶,𝑖𝑛𝑖 and a 
small decrease in  𝐺𝐼𝐶,𝑝𝑟𝑜𝑝  for Mode I fracture toughness. Furthermore, Brugo and 
Palazzetti [24] reported fracture toughness enhancement for UD laminates at initiation, 
with negligible improvement at a propagation stage. This was attributed to the transition 
of the crack path from the toughened interlayer to the non-toughened interlayer/base 
lamina interface after crack growth has been initiated. Hence, as stated by Beckermann 
et al. [4], the value for 𝐺𝐼𝐶,𝑝𝑟𝑜𝑝 is not a key parameter for evaluating Mode I fracture 
toughness while the values for 𝐺𝐼𝐶,𝑖𝑛𝑖  have been used to evaluate and compare the 
interlaminar fracture performance of composite laminates. 
3.4.2. Mode II fracture toughness 
       Fig. 4d shows a typical load vs. displacement curve for electrospun PEI, 3 wt.% 
CNC-PEI and 6 wt.% CNC-PEI nanofibres interleaved ENF specimens. 𝐺𝐼𝐼𝐶,𝑖𝑛𝑖 for three 
types of specimens are calculated using Eq. (2); the data were taken from the load - 
displacement curve and the new delamination lengths. The configuration for Mode II test 
is displayed in Fig. 5c. The average value and standard deviation (error bars) for 𝐹𝑚𝑎𝑥, 
𝐺𝐼𝐼𝐶,𝑖𝑛𝑖 are shown in Fig. 5d and SI, Table S3. The average 𝐺𝐼𝐼𝐶,𝑖𝑛𝑖 values for PEI3 and 
PEI6 specimens reach 2.678 ± 0.142 and 2.843 ± 0.111 kJ/m2 respectively, with 





and 6 wt.% CNCs within PEI nanofibrous interleaves result in 13% and 20% increases in 
𝐺𝐼𝐼𝐶,𝑖𝑛𝑖  values with respect to neat PEI specimens, respectively. With regards to the 
results of Mode I 𝐺𝐼𝐶,𝑖𝑛𝑖 , 𝐺𝐼𝐼𝐶,𝑖𝑛𝑖  also had a positive correlation with the increasing 
content of CNCs. Kostopoulos et al. [25] reported that carbon nanofibres and zieconate 
titanate piezo-electric particles increased the value of 𝐺𝐼𝐼𝐶 to 2.181  0.100 kJ m
-2 for 
composite laminates because of different toughening and energy absorption mechanisms 
in the distinct phases. Daelemans et al. [26] reported the effect of areal weight on 
enhancing 𝐺𝐼𝐼𝐶 for composite laminates, and nanofibrous mats composed of PA 6,9 at an 
areal weight of 18.0 g m-2 and obtained a 71% increase in 𝐺𝐼𝐼𝐶,𝑖𝑛𝑖 compared to nanofibrous 
mats with an areal weight of 3.0 g m-2. 
3.5. Toughening mechanisms 
3.5.1. Mode I mechanisms 
       In order to expound the crack path behaviour during Mode I loading, cross-sectional 
analysis was conducted on the PEI, PEI3 and PEI6 specimens after testing and typical 
images are displayed in Fig. 6. It is apparent from Fig. 6a that a tortuous delamination 
path with continual deflections are observed in the PEI sample, signifying potential 
fracture absorption during carbon fibre/epoxy debonding. The crack crosses from a 
toughened interlayer and then propagates along the intralaminar region of PEI3 
specimens (Fig. 6b). This also suggests a larger deflection and the twisting of the crack 
path, resulting in increased fracture energy absorption. Similarly, carbon fibre/matrix 
debonding is observed for PEI6 samples (Fig. 6c) with a similar crack path into the 
intralaminar area as for PEI3 specimens. Particularly, intra-ply failure is identified as the 





growth than through the tougher nanofibrous mats. Typical islands are only seen for PEI3 
and PEI6, leading to an increased 𝐺𝐼𝐶,𝑝𝑟𝑜𝑝 for PEI3 as a result of its larger island than for  
PEI6.  
       The fracture surfaces of tested specimens were investigated via SEM images, as 
shown in Fig. 7. A potential explanation for the relatively large growth of 𝐺𝐼𝐶,0 (the non-
linear point during the first loading – see Fig. 4a) and 𝐺𝐼𝐶,𝑝𝑟𝑜𝑝 (Fig. 4c), could be a result 
of carbon fibres bridging (Fig. 7a) between two 0o unidirectional plies from the halves of 
PEI samples [27]. Micro-scale toughening mechanisms such as carbon fibre/matrix 
debonding and fibre bridging are thought to contribute to the increase in fracture energy. 
It is observed in PEI specimens (Fig. 7d) that partial nanofibres have been pulled out from 
the epoxy resin and ruptured without deformation. However, the fracture surfaces of the 
PEI3 and PEI6 specimens are rougher than that of PEI specimens, which implies the 
larger effective surface area due to the presence of CNCs nano-reinforcements or 
aggregates (Fig. 7e,f). This may result in the formation of percolated networks by the 
aggregation of CNCs, increasing the strength and stiffness of CNCs/PEI nanocomposites 
[28]. Therefore, tougher CNCs/PEI specimens would require additional plastic 
deformation (strain) prior to crack initiation compared to PEI neat specimens [29], 
providing the higher  𝐺𝐼𝐶,𝑖𝑛𝑖 values for the PEI3 and PEI6 specimens. These high values 
result from more extra energy absorbed during the plastic deformation to initiate the crack, 
and the enhanced load transfer between epoxy rich area and adjacent fibre plies owing to 
the incorporation of CNCs. It is observed that the bridged fibres were deformed and 
eventually ruptured while necking was visible during the propagation of the delamination 
crack. Many vacant grooves and broken fibres are visible in PEI6 specimens (Fig. 7c,f). 





CNCs content are observed, which could explain the presence of a decrease in load, thus 
the reduced 𝐺𝐼𝐶,𝑝𝑟𝑜𝑝 value. 
3.5.2. Mode II mechanisms 
       The fracture surfaces of PEI, PEI3, PEI6 tested specimens for Mode II as observed 
by SEM images are presented in Fig. 8. The formation of shear hackles at 45° relative to 
crack propagation plane is attributed to tensile microcracks in the epoxy matrix between 
adjacent carbon fibres [30]. Additionally, the rupture of carbon fibres has been observed 
for the PEI specimens during Mode II tests (see Fig. 8a,d; yellow and red arrows denote 
hackle and fibre ruptures, respectively). On the other hand, the shear hackles with a higher 
intensity present the larger effective surface area for PEI3 specimens, which absorb 
additional energy due to shear deformation during crack propagation (Fig. 8b,e). As the 
crack front interacts with the CNC aggregates that are regarded as “pins” (see dashed red 
oval in Fig. 8b,c), more extra energy is required to deform the aggregates [31]; thus 
contributing to the higher Mode II fracture energy for PEI3 and PEI6 specimens. 
Furthermore, matrix shear hackles with the highest intensity would also signify the largest 
fracture surface area among that of three types of specimens for PEI6 specimens (Fig. 
8c,f). CNC aggregates and ruptured fibres also contribute to the highest 𝐺𝐼𝐼𝐶 for 6 wt.% 
CNC-PEI nanofibrillar mat interleaved composites laminates. 
4. Conclusions 
       In summary, this work reports an effective strategy for interlaminar toughening 
carbon fibre/epoxy composite laminates via the introduction of CNCs/PEI 
nanocomposites. Mode I and II interlaminar fracture energies of CNCs/PEI hybrid 
interleaved laminates can reach 310.0 ± 10.6 J/m2 and 2.843 ± 0.111 kJ/m2 respectively, 





tensile strength of CNCs-PEI hybrid nanofibrous mats increases up to 0.67 ± 0.13 MPa 
from 0.56 ± 0.09 MPa. Under Mode I loading, 𝐺𝐼𝐶,𝑖𝑛𝑖  is enhanced on account of the 
synchronous mechanisms of larger effective fracture surface area and additional plastic 
strain by percolated networks of CNCs aggregates. In the case of Mode II loading, the 
cooperative toughening mechanism is a higher density of matrix shear hackles and pins 
by CNCs aggregates seen in CNCs-PEI hybrid interleaved composite laminates, thus 
providing the increased 𝐺𝐼𝐼𝐶,𝑖𝑛𝑖 values. The present work opens up a novel and promising 
area towards the development of cellulose nanocrystals-reinforced nanocomposites 
interleaved composite laminates with relatively high strength and fracture toughness for 
the inhibition of delamination cracks under Mode I and II loading, with additional merits 
of the sustainability of the precursor, large-scale availability at comparatively low cost in 
one-step fabrication process.  
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Fig. 1. Typical TEM images of CNCs at (a) high, (b) and low magnification, SEM images 
at two different levels of magnification of electrospun nanofibres: (c,d) PEI, (e,f) 3 wt.% 
CNC-PEI and, (g,h) 6 wt.% CNC-PEI. 
 
Fig. 2. High resolution AFM “error” and phase imaging of (a, b) longitudinal, and (c, d) 






Fig. 3. (a) Tensile behaviour of nanofibrous mats, (b) tensile modulus and strength. 
 
Fig. 4. (a) Representative load-displacement curves for PEI specimen with Mode I pre-
crack loading and test loading, (b) typical load-displacement curves under test loading, 
(c) typical R-curves under Mode I test loading. The initiation fracture toughness value for 
each type of specimen has been labelled, (d) load-displacement curves for Mode II test. 
 
Fig. 5. Configuration and comparison of initiation and propagation energy release rate of 






Fig 6. Cross-sectional images of DCB specimens (a) PEI, (b) PEI3, (c) PEI6. 
 
Fig. 7. SEM images of the Mode I fracture surfaces for (a,d) PEI, (b,e) PEI3, (c,f) PEI6  
specimens at low and high magnification.  
 
Fig. 8. SEM images of the Mode II fracture surfaces for (a,d) PEI, (b,e) PEI3, (c,f) PEI6  
specimens. Delamination crack growth direction is indicated by white arrows.  
